Abstract-We present a scalable, cost-effective, and compact high voltage (HV) distribution design for a system that requires many HV channels for photodetector biasing. A digital-to-analog converter (DAC) with a 100 V output range is floated with its reference at V, providing outputs between V and V. As a consequence, the DAC control and power signals are referenced to V. This design was implemented in our 1 mm resolution clinical PET imaging system with detectors comprised of LYSO scintillation crystals coupled to position-sensitive avalanche photodiodes (PSAPDs). The programmable bias voltage outputs have only m V of bias ripple. This design enables all PSAPDs to be biased at their optimal bias voltage, allowing us to achieve a standard deviation of only 2.3% in the energy resolution measured across all 512 PSAPDs in the subsystem.
crystals. Each PSAPD should be biased at its optimal bias voltage in order to obtain its best signal-to-noise ratio [5] . The optimal bias voltage is different for each PSAPD, and ranges between V and V for the PSAPDs in our system when at room temperature.
The performance of the system is highly dependent on the PSAPD bias voltage. The bias voltage dictates the PSAPD gain, which in turn determines the fraction of the dynamic range of the subsequent amplifying and shaping electronics that is used and whether the electronics are saturated. Each PSAPD has an optimal bias voltage which, when coupled to the readout electronics, gives the best energy resolution, flood histogram, and time resolution. Temperature and process variations affect this optimal bias voltage [5] . In addition, even though the system has thermal regulation, our simulations showed that there could be up to a 4 gradient across the detectors in a fin [11] , [12] . Being able to adjust the bias voltage of each detector module individually enables us to compensate for temperature and process variations. This paper describes our cost effective and compact design which provides individually programmable HV bias to each pair of PSAPD detectors. Although the focus of our study is on an APD-based system, the architecture, methods and results could be useful to researchers and manufacturers of the new generation of PET systems under development comprising thousands of semiconductor photodetector channels [13] , [14] because even a bias voltage of 30 -100 V is significantly higher than the typical 0.9 V to 5 V needed for integrated circuits.
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II. MATERIALS AND METHODS

A. Programmable HV Design for PSAPDs
The detector modules in our system are comprised of two PSAPDs, each coupled to an array of mm LYSO crystals, to form a Dual-LYSO-PSAPD module, shown in Fig. 1 . Each module has high voltage cathode terminals and low voltage anode terminals.
The PSAPDs are biased by applying a voltage across the anode and cathode terminals, and the nominal bias voltage of these PSAPDs is V. Most commercially available high voltage (at least 2000 V) power supplies are limited to 8 -16 output channels per unit, so purchasing hundreds of these units requires a prohibitively large amount of money and space. Fortunately, only an adjustment of 100 V around the nominal voltage of V is required to compensate for process and temperature variations (i.e., from V to V) because it is not necessary to adjust from 0 V to V. The optimal bias voltage for temperatures from 5 to 40 ranged from 1700 V to 1770 V [5] . Process variations can expand this range to span 200 V, but this is not a problem since our HV design allows a different range to be specified for each detector "cartridge". A cartridge is comprised of 256 PSAPDs, structured as 8 layers of 16 Dual-LYSO-PSAPD modules. We bin the detectors so the optimal bias range of the detectors in each bin is 100 V at most, and use one bin in each cartridge.
By taking advantage of the fact that only an adjustment of 100 V was necessary for each cartridge, we were able to design a programmable HV distribution system by taking a high density multi-channel digital-to-analog converter (DAC) with an output range of at least 100 V and floating the entire DAC so that the DAC's reference is at V. This generated outputs ranging from V to V relative to earth ground. An alternative solution that does not require floating the entire DAC at V is to have the cathode terminal of the PSAPD fixed at V and to allow the anode to range from 0 V to V using the DAC. However, this would require some of the detector biasing and signal conditioning circuits to be referenced to the DAC output instead of to 0 V. After considering the trade-off between these two options, we decided it would be better to float the entire DAC at V so that everything else could have a 0 V reference.
The design is split up into two stages: "HV Bias Boards" which are embedded inside our imaging panel, and "HV Floating Power Supply Boards" which are housed in a crate outside the panel. The design was partitioned this way so that the noisy and bulky switching regulators would be outside the imaging panel and far away from sensitive electronics. Fig. 2 shows a picture of the inside of the imaging panel, with the area where the HV Bias Board resides labeled. Fig. 3 shows a HV Floating Power Supply Board inside the crate. Fig. 4 shows a block diagram of the design, with the main components in each PCB labeled. The following sections will describe each PCB in more detail.
B. HV Bias Board
The HV Bias Board houses four DACs which provide the 100 V adjustable range for the bias voltage. The Analog Devices AD5535 14-bit DAC chip was used. The AD5535 provides 32 outputs in a compact mm mm BGA package. This chip can actually be configured to have a 200 V output range, but in this case the output range was set to 100 V to reduce heat generation since 100 V was sufficient. The reference of the AD5535 chip is V, so the outputs range from V to V. Each output of the AD5535 can sink 2.8 mA, well above the 0.5-2uA needed for a Dual-LYSO-PSAPD detector module.
The HV Bias Board has a ATmega16a microcontroller, which is also floating with its reference at V. The microcontroller implemented the AD5535 DAC communication protocol to set its individual output voltages. Communication with the microcontroller was done via USB signals which were also referenced to V, sent from the HV Floating Power Supply Board. Fig. 5 is a picture of one HV Bias Board, which produces 128 programmable high voltage outputs (ranging from V to V relative to earth ground). Each imaging panel contains nine HV Bias Boards, providing individually programmable HV bias voltages. Since each imaging panel contains 1152 Dual-LYSO-PSAPD detector modules, the HV Bias Board is able to provide an individually programmable bias voltage to each detector module. This is sufficient for our design since each of our detector modules contains a pair of PSAPDs with similar process characteristics, so we can bias them at the same voltage.
A resistor in series with each DAC output provides current limiting and filtering (filtering done together with capacitors on a PCB connected to the DAC outputs). was chosen since it resulted in an acceptable1 V drop (since the current drawn is about uA per channel) and provided sufficient current limiting and filtering.
The power consumption of each AD5535 DAC is over 300 mW and the chips are in a tightly confined space, so a method to cool the chips was necessary. 370HR was chosen for the PCB material because it has a thermal conductivity of 0.4 W/mK (slightly better than FR4 which is 0.36 W/mK). A 20 to 28 mil thick copper heat sink was attached to the back side of the board with Ventec V-4A2, a thermally conductive dielectric material, sandwiched in between the board and the heat sink. Ventec V-4A2 has a thermal conductivity of 2.2 W/mK. The heat sink is connected to liquid cooling pipes.
The dielectric strength of 370HR is 1300 V/mil and Ventec V-4A2 is 1500 V/mil. In the HV Bias Board, the thickness of 370HR was 28 mils and the thickness of Ventec V-4A2 was 7 mils. Therefore, we could have high voltage and low voltage traces overlapping on different layers and still be well above the dielectric breakdown limit. However, as a best practice, we minimized overlapping high voltage and low voltage traces as much as possible and defined a separate region for high voltage on the board. For traces on the same surface layer of the PCB, we maintained a spacing of at least 2 mm between high voltage traces and low voltage traces. This 2 mm guideline is conservative because the dielectric breakdown of air is 3 MV/m, so 1800 V should only need a spacing of 0.6 mm. High voltage traces on inner layers of the PCB also complied with this 2 mm minimum spacing guideline in case the lamination of the PCB was not perfect and had some air gaps. The AD5535 needs to be powered by three supply voltages: V, V, and V. The next section describes the HV Floating Power Supply Board which creates these supply voltages. Fig. 6 shows the HV Floating Power Supply Board which houses the DC-DC converters. Cosel SUCS1R5 DC-DC converters produced the V and V and the Ultravolt AA series 1/8AA12-P4 DC-DC converter produced the V. These DC-DC converters were also floating with their reference at V, and were powered by V. This V was produced by an isolated DC-DC converter (Cincon EC3A) which can withstand voltage differences of up to 3000 V between its input and output references. The Cincon DC-DC converter took an input of V relative to earth ground (provided by the crate), and produced an output of V relative to the floating ground ( V). The V floating ground was established using a commercial high voltage power supply, the Wiener MPOD multi-channel high voltage module EHS 8020n.
C. HV Floating Power Supply Board
The HV Floating Power Supply Board is housed in a crate, away from the detectors and the rest of the PET system data acquisition electronics to prevent electromagnetic noise from contaminating the sensitive detectors and electronics. Capacitors were placed at all DC-DC converter outputs to reduce noise. This includes capacitors between the output and the floating reference as well as filters with capacitors to earth ground. A custom-made, shielded high voltage cable brings the supply voltages and references to the HV Bias Board.
The HV Floating Power Supply Board transmits USB signals from the host computer to the HV Bias Board. First, the USB protocol is converted into UART protocol with the FT232 USB controller. Then, the UART protocol signals are transmitted through the OPI1268S opto-isolator. The output of the opto-isolator is referenced to V so these UART signals are at high voltage. These signals are transmitted to the HV Bias Board via the same custom-made shielded cable that carries the supply voltages and references.
The HV Floating Power Supply Board has separate regions defined for high voltage circuits and low voltage circuits and kept these regions separated by at least 2 mm. The only thing bridging these regions were the opto-isolators and the Cincon DC-DC converter. There are no high voltage traces overlapping low voltage traces on adjacent layers, although technically it would have been tolerable because the board is a 4-layer board made out of FR4 (dielectric strength about 500 V/mil), with 40 mils thick core and 4.7 mils thick prepreg.
D. Experimental Setup
To determine the voltage that each detector module should be biased at, each detector module was individually tested before it was put into the system. The testing procedure involved taking energy resolution and flood histogram measurements at the bias voltage that the detector manufacturer tested the module at, as well as 10 V above and below that voltage. This testing Fig. 7 . Coincidence energy resolution measurement experimental setup. The Na22 point source was stepped across the panels with a 10.3 mm step-size. Vertically, the point source was placed in the center of the detector panels, i.e., between layer 3 and layer 4. was performed at 27 . The bias voltage that produced the best energy resolution and flood histogram figure of merit [4] was recorded as the optimal bias voltage for that detector module. In the system, the AD5535 DAC was programmed to bias each detector module at this optimal bias voltage and thermal regulation keeps the ambient temperature of detectors constant at 27 . The software that controls the individually programmable bias voltages based on temperature and leakage current measurements is described in [12] .
We assembled a subset of two imaging panels, comprising two cartridges with a total of 256 Dual-LYSO-PSAPD detector modules. The detector panels were setup 3.8 cm apart and the Na22 point source was placed mid-way between the two detector panels. Since the detector modules are placed side-by-side in a fin with a 10.3 mm pitch, the Na22 point source was translated with 10.3 mm steps, and data acquired at each step, so that data would be collected once in front of each detector module pair, as illustrated in Fig. 7 . Since the translation stage itself is 138 mm long, we were able to collect coincidence data at 13 positions spaced 10.3 mm apart. The data from all 13 positions was accumulated together.
Each detector module was set to its optimal bias voltage. We measured the system energy resolution using coincidence data, correcting for gain differences across PSAPDs and between PSAPDs. This correction was done by plotting the energy spectrum of each scintillation crystal in each of the scintillation crystal arrays separately, and determining the 511 keV photo-peak position for each crystal. Then, each spectrum was scaled so that their 511 keV photo-peaks lined up with each other and inter-channel offset from the electronics was removed. The scaled spectra from all the crystals were then aggregated together, with all the photo-peaks lining up at 511 keV. To compute the system energy resolution, a double-Gaussian plus an exponential was fit to the photopeak of this aggregated spectrum, and the FWHM is reported as the system energy resolution. A double-Gaussian plus exponential function was used to fit the 511 keV photopeak instead of a single Gaussian because the double-Gaussian allowed the effects of x-ray escape to be included and the exponential captured the tail from the Compton peak. An identical value for sigma was used for both Gaussian fits. The FWHM of the Gaussian for the 511 keV photopeak divided by the mean of that Gaussian was reported as the energy resolution. The error bar reported was the error in the fit at a confidence interval of 68%.
To verify the functionality of the HV distribution system, we monitored the leakage current because leakage current of a PSAPD is dependent on its bias voltage [5] . The circuit described in [4] , [12] was used to measure leakage current. We also measured the ripple in the bias voltage using a high voltage oscilloscope probe with an attenuation factor of 1000x. The voltage was monitored for 5 minutes and the peak-to-peak voltage detected by the oscilloscope was recorded. Fig. 8 shows a screenshot of the leakage current of four individual Dual-LYSO-PSAPD detector modules at 27 . The bias voltage of four randomly chosen modules was initially set to V. Then, the bias voltage was increased at a different time-point for each module. The bias voltage to module 3 was increased by 20 V, then module 2 by 40 V, then module 1 by 60 V, and finally module 0 by 80 V. We observed that the largest increase in leakage current was indeed for module 0 which had its bias voltage increased by 80 V.
III. RESULTS AND DISCUSSION
The ripple in the bias voltage was measured to be m . This ripple is small considering the average bias voltage is about V, and it has a negligible effect on the energy resolution and time resolution [5] .
Using two cartridges consisting of 256 Dual-LYSO-PSAPD detector modules, we measured a system energy resolution of FWHM, and the aggregate coincidence energy spectrum is shown in Fig. 9 .
The programmable HV design presented in this paper enables each PSAPD to be biased at its optimal bias voltage. If that was not done, the energy resolution of some PSAPDs would be poorer than others. To verify this, a histogram of the coincidence energy resolution of each individual PSAPD was plotted in Fig. 10 . The mean energy resolution was 11.2% and the standard deviation was 2.3%. Aside from some outliers, most of the modules had an energy resolution clustered around 11.2%, and the standard deviation is low, showing that the programmable HV design was able to keep the large number of modules individually biased at their optimal bias voltages.
IV. CONCLUSION
A cost-effective, compact, and scalable HV distribution method with individually programmable bias voltages between V and V, suitable for PSAPD-based PET detectors, was designed and tested. The design uses a digital-to-analog converter floating with its ground reference at V to provide these programmable bias voltages in a compact solution that can fit in our 1 mm resolution clinical PET system.
